Recent studies indicate that human pluripotent stem cell (PSC)-based therapies hold great promise in Parkinson's disease (PD). Clinical studies have shown that grafted fetal neural tissue can achieve considerable biochemical and clinical improvements in PD. However, the source of fetal tissue grafts is limited and ethically controversial. Human parthenogenetic stem cells offer a good alternative because they are derived from unfertilized oocytes without destroying viable human embryos and can be used to generate an unlimited supply of neural stem cells for transplantation. Here we evaluate for the first time the safety and engraftment of human parthenogenetic stem cell-derived neural stem cells (hpNSCs) in two animal models: 6-hydroxydopamine (6-OHDA)-lesioned rodents and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated nonhuman primates (NHPs). In both rodents and nonhuman primates, we observed successful engraftment and higher dopamine levels in hpNSC-transplanted animals compared to vehicle control animals, without any adverse events. These results indicate that hpNSCs are safe, well tolerated, and could potentially be a source for cell-based therapies in PD.
INTRODUCTION
Clinical studies on intrastriatal grafts of human fetal mesencephalic tissue have shown that cell therapy has significant potential for the treatment of Parkinson's disease (PD) (12, 15, 17, 19, 20, 22) . However, there are many concerns associated with using fetal tissue: the source is ethically controversial, and there are practical disadvantages, such as heterogeneity of the tissues and difficulty finding suitable donors (11) . Alternatively, recent efforts focused on the use of human pluripotent stem cell (PSC)-derived neural cells and expandable human neural stem cells (NSCs) derived from fetal tissue have shown successful engraftment into the host striatum and improvement in behavioral deficits in animal models of PD (3, 16, 21, 26, 35, 36) . Fetal NSCs have been shown to exhibit migratory ability, paracrine support, and immunomodulating properties that overall promote host repair of the nigrostriatal system (24, 26) . Here we evaluate for the first time human parthenogenetic stem cell-derived NSCs (hpNSCs) in proof-of-concept studies in two animal models of PD. Human parthenogenetic stem cells (hpSCs) were used as a source of pluripotent stem cells because of their ethical and potential clinical advantages. The ethical basis stems from the fact that hpSCs are derived from unfertilized eggs, avoiding the destruction of a potentially viable human embryo, while clinically they can be made in an HLA homozygous manner, decreasing the chances of immune rejection (29, 30) . The results of these studies show the successful engraftment of hpNSCs in two animal models. Neural Stem Cells (hpNSCs) hpSC line LLC2P (International Stem Cell Corporation, Carlsbad, CA, USA) (30) was cultured under feederfree conditions in StemPro hESC SFM supplemented with 8 ng/ml bFGF and 0.1 mM 2-mercaptoethanol on Geltrex Substrate (Life Technologies, Carlsbad, CA, USA). Cells were subcultured with StemPro Accutase (Life Technologies), and when the culture reached 80% confluency, it was treated with 5 µM SB218078 and 1 µM DMH-1 (Tocris, Bristol, UK) in knockout DMEM/F12, 1× GlutaMax, 1× N2/B27 Supplement (Life Technologies) for 11 days. Neuralized hpSCs were dissociated with StemPro Accutase and Y-27632 dihydrochloride (Tocris) and plated on Geltrex-coated dishes in StemPro NSC SFM (Life Technologies). hpNSCs were subcultured for five passages in StemPro NSC SFM before in vitro characterization and in vivo studies.
MATERIALS AND METHODS

Derivation of Human Parthenogenetic
RNA-Seq Library Construction
RNA was isolated from cells with RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA), quantified with Qubit RNA Assay Kit (Life Technologies) and quality controlled with RNA6000 Nano Kit and BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Approximately 600 ng was used as input for the Illumina TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, Inc., San Diego, CA, USA), and sequencing libraries were created according to the manufacturer's protocol. Briefly, poly-A containing mRNA molecules were purified using poly-dT magnetic beads. After purification, the mRNA was fragmented, and first-strand cDNA was produced using random primers and reverse transcriptase. Second-strand cDNA synthesis was then performed using DNA polymerase I and RNase H. The cDNA was then ligated to indexed Illumina adapters and enriched with PCR to create the cDNA library. The library was then sequenced on a HiSeq 2000 (Illumina, Inc.) instrument as per manufacturer's instructions with paired-end 2 × 101 cycles of sequencing.
RNA-Seq Data Processing
First, 12 bases were trimmed from the 5¢ end of each read using FASTX (version 0.0.13) (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA). The adaptors were then trimmed using Trim Galore (version 0.2.2; Babraham Institute, Cambridgeshire, UK) and mapped to the hg19 reference genome using TopHat (version 2.0.6; Johns Hopkins University, Baltimore, MD, USA). Samtools (version 0.1.17; Welcome Trust Sanger Institute, Cambridge, UK) was then used to sort, merge, and eliminate duplicate reads. We obtained an average of 18,732,804 mapped reads for the three hpSC samples and 29,666,190 mapped reads for the three NSC samples. Expression levels for each gene were quantified using the Python script rpkmforgenes (25) (Karolinska Institutet, Stockholm, Sweden) and annotated using RefSeq (archive-2012-03-09-03-24-410; National Center for Biotechnology Information, Bethesda, MD, USA). Genes that did not have at least one sample with at least five reads were removed from the analysis. The data was then normalized using the R (version 3.0.1) package DESeq (version 1.12.0; The R Foundation for Statistical Computing, Vienna, Austria) (1). Differential expression analysis and heat maps were done using Qlucore Omics Explorer 2.3 (Qlucore AB, Lund, Sweden). The transcripts were first filtered using a variance filter of 0.1, and then a t-test (q < 0.01) was performed to identify transcripts that were differentially expressed between the NSCs and the hpSCs. DAVID (National Cancer Institute, Frederick, MD, USA) (18) was used for functional enrichment analysis. Sequencing data is available at the NCBI GEO database (National Center for Biotechnology Information) under the accession designation GSE52912.
RT-PCR Analysis
Total RNA was isolated using RNeasy Plus Mini kit, according to the manufacturer's instructions (Qiagen). Total RNA was used for reverse transcription with the iScript cDNA synthesis kit (Bio-Rad, Irvine, CA, USA) and Px2 Thermal Cycler (Thermo Scientific, Waltham, MA, USA). To analyze gene expression, PCR reactions were performed in triplicate using 1/25th of the cDNA per reaction and the QuantiTect Primer Assay and Quantitest SYBR Green master mix (Qiagen). qPCR was performed using the Rotor-Gene Q (Qiagen) 5 min at 95°C, 5 s at 92°C, and 20 s at 60°C for 37 cycles followed by melting to check the specificity of the amplicons from 50°C to 99°C raising by 1°C each step. Relative quantification was performed against a standard curve, and quantified values were normalized against the input determined by PPIG. The primers used for the analysis are listed in Table 1 .
Flow Cytometry
For flow cytometry analysis, samples were harvested with StemPro Accutase (Life Technologies), washed with DPBS (Life Technologies), and fixed with 4% paraformaldehyde (Affymetrix, Santa Clara, CA, USA) for 30 min at room temperature. Cells were washed twice with PBS and blocked for 1 h at room temperature with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA), 5% normal donkey serum (Millipore, Temecula, CA, USA), and 1% BSA (Sigma-Aldrich) in PBS. Cells were then incubated overnight at 4°C with primary antibody in 0.3% Triton X-100, 5% normal donkey serum, and 1% BSA in PBS. Cells were washed twice with PBS and incubated for 1 h at room temperature with secondary antibody in 0.3% Triton X-100, 5% normal donkey serum, and 1% BSA in PBS. The samples were run and analyzed on a Becton Dickinson C6 Accuri Cytometer (BD Biosciences, San Jose, CA, USA). The antibodies used are listed in Table 2 .
hpNSC Transplantation in Rodents
Adult male Sprague-Dawley rats (Charles River Laboratories, San Diego, CA, USA) with unilateral, medial forebrain bundle 6-hydroxydopamine (6-OHDA) (Sigma-Aldrich) lesions of the nigrostriatal pathway were immunosuppressed by daily oral administration of 15 mg/ kg of cyclosporine A (Sigma-Aldrich) and reduced to 10 mg/kg per day after 60 days. After 6-OHDA lesion, a burr hole was drilled over the target area, and 5 × 10 5 hpNSC cells (10 rats) or vehicle (DPBS) (Life Technologies) control (six rats) were injected into the striatum following stereotactic coordinates, divided into two sites at coordinates relative to bregma and dura: anterior-posterior (AP) +1 mm, mediolateral (ML) +2.6 mm, dorsoventral (DV) −4.5 and −5.5 mm, with the incisor bar set at +2.5 mm. A total of 2.5 µl of the cell suspension was injected per site (100,000 cells/µl) at a rate of 1 µl/min over a period of 15 min. All procedures were done following the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Explora BIOLABS (San Diego, CA, USA).
Tissue Processing in Rodents
Twenty-eight weeks after transplantation, rats received overdoses of isoflurane (Baxter, Deerfield, IL, USA) to induce deep anesthesia, blood was collected from each animal, and brains were transcardially perfused at a rate 2.5-3 ml/min with ice-cold PBS (heparinized) (Sigma-Aldrich) followed by 4% paraformaldehyde (PFA) (Sigma-Aldrich). Brains were then extracted, postfixed in 4% PFA for 4 h, and soaked in 20% sucrose solution (Sigma-Aldrich) overnight for equilibration. Brains were embedded in Tissue-Tek OCT Compound (VWR, Visalia, CA, USA), frozen at −80°C, and sectioned in a cryostat. Then, 10 µm coronal sections were mounted onto charged slides and frozen at −80°C. 
Biochemical Assays in Rodents
Whole rat brain tissue was weighed, homogenized, normalized for volume, and analyzed for quantitative determination of DA using a commercial ELISA assay kit following the manufacturer's instructions (Cusabio, Wuhan, P. R. China). Brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF) levels were also measured in homogenized rat brain tissue by ELISA according to the manufacturer's protocols (Abcam, Cambridge, UK). Data measurement and analysis was performed using the microtiter plate reader BioTek Synergy 2 (BioTek, Winooski, VT, USA).
Detection of Human Cells in Rodent Tissue
Detection of engrafted human cells was done according to a previously published protocol with some modifications (32). Genomic DNA was isolated from portions of homogenized rat brain hemispheres and organs with DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer's protocol and was quantified with Quant-iT dsDNA Assay kit (Life Technologies). Primers used in the reaction are from the a-satellite DNA on human chromosome 17, previously described by Becker et al. (2) , and the sequences are: 5¢-GG G ATA ATT TCA GCT GAC TAA ACA G-3¢ and 5¢-AAA CGT CCA CTT GCA GAT TCT AG-3¢. The PCR reaction mixture contained 2× Rotogene SYBR green PCR Master mix (Qiagen), 250 nM of each primer, and genomic DNA template. The reactions were performed with the Rotor-Gene Q (Qiagen) with the following cycling conditions: 5 min at 95°C, 5 s at 92°C, and 20 s at 60°C for 37 cycles followed by high-resolution melting from 50°C to 99°C raising by 0.1°C each step. Standard curve was built with serial dilutions of human genomic DNA from 5 ng up to 0.000005 ng per reaction. Serial dilutions were prepared using rat genomic DNA, so total DNA load per reaction was 10 ng. Assuming one human cell has approximately 3 pg of genomic DNA, standard curves demonstrated that the assay detected a single human cell in a background of 2 × 10 5 rodent cells. The calculation of human DNA content in the rat brains was based on the standard curve and normalized against a sample of rat brain hemisphere spiked with 500,000 human cells.
MPTP Administration and Immunosuppression in Nonhuman Primates
Two adult male St. Kitts/African green monkeys (Chlorocebus sabaeus) were housed at the St. Kitts Biomedical Research Foundation facility, where they were singly housed with a natural daylight light/dark cycle at 17° north latitude. The animals received food and water ad libitum or were supplemented with special feeding, if needed, during the course of the study. The monkeys were systematically treated with standard doses of 1.2 mg/kg of 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP; Sigma-Aldrich) via intramuscular (IM) injections administered over a 5-day period to induce bilateral degeneration of the nigrostriatal pathway (7, 9) . MPTP produces toxic effects with a high degree of specificity for the DA system. Monkeys were immunosuppressed 1 day prior to grafting and continued until sacrifice with a triple drug immunosuppression regimen of 1 mg/kg/day cyclosporine A (Sandimmune; Henry Schein Animal Health, Pittsburgh, PA, USA), 0.6 mg/kg/day prednisone (Sandimmune; Henry Schein Animal Health), and 1 mg/kg/day azathioprine (Sigma-Aldrich) (26).
Transplantation of hpNSCs Into Nonhuman Primate Brains
The two MPTP-lesioned asymptomatic adult African green monkeys were transplanted unilaterally with 8 million hpNSCs into four different sites: anterior caudate nucleus, posterior caudate nucleus, putamen, and substantia nigra. The cellular suspension was drawn into a 22-gauge needle connected to a Hamilton syringe (Hamilton, Reno, NV, USA) immediately prior to implantation into the target sites, which were verified using standard stereotactic procedures and coordinates from ear bar zero: AP +23.9 mm, lateral +3.5 mm, vertical +18.6 mm (anterior caudate nucleus); AP +19.9 mm, lateral +3.5 mm, vertical +18.6 mm (posterior caudate nucleus); AP + 21.9 mm, lateral +10 mm, vertical +18.6 mm (putamen); AP +11.1 mm, lateral +3.5 mm, vertical +12.1 mm (substantia nigra). Insertion was performed slowly over a 2-min period, and the tip of the needle was permitted to remain in the implantation site for at least 2 min prior to injection. Cells were extruded using a controlled perfusion pump (Stoelting, Wood Dale, IL, USA) at a maximum rate of 1 µl/min, with a 2-min delay before cannula withdrawal at a rate of 1 mm/min for 5 mm and then slowly until out of the brain. A total of 10 µl of the cell suspension containing 200,000 cells/µl was injected per site. The study was performed in accordance with US federal guidelines and with approval of the IACUC of Axion Research Foundation.
Tissue Processing in Nonhuman Primates
Monkeys were sacrificed 14 weeks following hpNSC transplantation using ketamine (8-10 mg/kg, IM) (Sigma-Aldrich) and sodium pentobarbital (30-100 mg/kg, IV, or more until loss of deep corneal reflex) (Sigma-Aldrich). The brains were removed after transcardial perfusion with ice-cold heparinized saline and postfixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) (Sigma-Aldrich) for 24 h, followed by storage in PBS. Prior to postfixation, brains were sliced into 4-mm coronal sections using a custom-made brain mold.
Dopamine Analysis in Nonhuman Primates
Tissue punches were removed with a stainless steel punch (1.2 mm diameter) and frozen in liquid nitrogen as previously described (7,8). The concentration of dopamine hpNSCs FOR THE TREATMENT OF PARKINSON'S DISEASE 685 was determined by HPLC by modification of previously published methods, which allows the detection limit of 5-10 fmol DA (7, 8) . Tissue concentrations of dopamine were corrected for the amount of protein in the sample analyzed.
Immunohistochemistry
Brain sections were washed in Tris buffer (0.1 M Tris, 085% NaCl, pH 7.5) for 5 min and incubated for 20 min in 3% H 2 O 2 , 10% methanol in Tris buffer (Sigma-Aldrich). The sections were then washed for 5 min in Tris buffer, 15 min in wash buffer (0.1% Triton X-100 in Tris buffer), and 15 min in blocking buffer (2% BSA, 0.1% Triton X-100 in Tris buffer) (Sigma-Aldrich). Sections were incubated with primary antibody diluted in blocking buffer at room temperature overnight with shaking. Sections were washed for 15 min in wash buffer and 15 min in blocking buffer, and incubated for 1 h at room temperature with secondary antibody diluted in blocking buffer. Sections were washed four times, and coverslips were mounted on the slides with mounting medium containing DAPI (Sigma-Aldrich). Antibodies used are described in Table 2 .
Statistical Analysis
Data are presented as mean ± standard error of mean (SEM). Statistical analyses were performed using a confidence level of 95% (a = 0.05) with two-tailed Student's 3) . (E) Functional enrichment analysis was performed using DAVID Bioinformatics Resources Functional Annotation Tool. The most significant enrichments for the top annotation clusters, with their FDRs, are shown for the two sets of differentially expressed genes (the set that was more highly expressed in hPSCs, and the set that was more highly expressed in NSCs). Scale bar: 100 µm.
t-test. The statistical analyses were performed with GraphPad Prism (GraphPad Software, La Jolla, CA, USA). The criterion for statistical significance for all tests was p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).
RESULTS
Generation and Characterization of hpNSCs
The generation of hpNSCs was performed under feeder-free conditions with a small molecule inhibitor of bone morphogenic protein (DMH-1) and an inhibitor of checkpoint kinase 1 (SB218078) as previously described (14) (Fig. 1A) . hpNSCs were characterized by their expression of NSC markers Nestin, Musashi-1, SOX2, and CD133, a characteristic surface marker (6, 34) , and the absence of pluripotency markers OCT-4 (POU5F1) and SSEA-4 ( Fig. 1B, C) . Gene expression analysis using qRT-PCR and RNA-Seq also revealed significant upregulation of neural markers in NSCs compared to undifferentiated hpSCs and a complete downregulation of pluripotency markers POU5F1 and NANOG (Fig. 1D, E) . Transcripts that were upregulated in hpNSCs compared to hpSCs showed enrichment for genes involved in neuron differentiation, cell adhesion, and neurogenesis (Fig. 1E) .
Transplantation of hpNSCs Into 6-OHDA-Lesioned Rats
Following cell transplantation of hpNSCs into the striatum of 6-OHDA-lesioned rats, animals survived the surgery, gained weight, did not show abnormal behavior other than parkinsonism, and had no tumors for the entire 28-week study period. Postmortem, gross necropsy and histopathology analysis revealed the absence of ectopic tissue, tumors, or hyperproliferation (Table 3 ). Biodistribution analysis also demonstrated the absence of human cells in peripheral organs (Table 4 ). Biochemical analysis of brain tissue samples showed that animals grafted with hpNSCs had significantly higher DA levels than vehicle control animals ( Fig. 2A) . hpNSCs survived and successfully engrafted 28 weeks posttransplantation. Most of the engrafted hpNSCs were dispersed from the graft site and remained undifferentiated, possibly providing neurotrophic support to the nigrostriatal system. Analysis of brain tissue showed a significantly higher level of neurotrophic cytokines BDNF and GDNF in hpNSC-transplanted animals than vehicle control animals (Fig. 2B) . Even though the increase in DA and cytokine levels was significant, it is expected that these levels are lower than in unlesioned animals. Dispersed hpNSCs did not appear to elicit a pronounced immune response as evidenced by the low levels of IBA-1 + host microglia and the GFAP + astrocyte numbers (Fig. 2C) . Additionally, differentiation of hpNSCs into DA neurons was observed as shown by the colocalization of the humanspecific marker STEM121 with the dopaminergic markers tyrosine hydroxylase (TH), G-protein-regulated inward-rectifier potassium channel 2 (GIRK2), and vesicular monoamine transporter 2 (VMAT2) (Fig. 2D) .
Transplantation of hpNSCs Into MPTP-Treated Nonhuman Primates
To evaluate the effects in a larger PD animal model, hpNSCs were transplanted into MPTP-treated monkeys (28). Biochemical analysis of brain tissue samples showed that animals grafted with hpNSCs had higher DA levels than vehicle control animals (Fig. 3A) . hpN-SC-transplanted primates had no adverse events, such as dyskinesia, deformations, or tumors, indicating that the transplanted cells were safe and well tolerated by the experimental animals ( Fig. 3B ). Most importantly, the presence of undifferentiated, pluripotent, OCT-4-positive cells was not detected in any of the grafts (Fig. 3C) . hpNSCs survived 14 weeks posttransplantation, dispersed from the graft site, and appeared to have minimal glial scarring (GFAP) or host microglia (IBA-1) surrounding the engrafted hpNSCs (Fig. 3D, E) . The majority of the engrafted hpNSCs remained undifferentiated (Nestin + ) ( Fig. 3F) , as previously reported for human NSCs (4,24), and were found in close contact with host DA neurons in the substantia nigra (Fig. 3G) , possibly promoting host neural repair by the secretion of neurotrophic factors. As observed in the rodents, we also found evidence of hpNSCs differentiating into DA neurons expressing TH, GIRK2, VMAT2, and synaptophysin (SYP) (Fig. 3H) .
DISCUSSION
Previous proof-of-concept studies with human fetal dopamine grafts have showed efficacy in preclinical PD models (5, 23, 27) . Results from the preclinical studies provided a clear indication that grafted fetal dopaminergic neurons could be therapeutically effective and clinical studies followed. The results of the clinical studies showed that grafted fetal dopaminergic neurons could survive and function for more than 10 years in the striatum of some PD patients (15, 19) . The source of human fetal dopaminergic tissue is limited and clinically impractical. Recent efforts have focused on the use of expandable sources, such as human pluripotent stem cells (PSCs), including human embryonic and induced PSCs. PSC-derived DA neurons successfully engraft into the host striatum and improve behavioral deficits in animal models of PD, by cell replacement and dopamine secretion (16, 21, 35) . A second source of expandable cells is human NSCs derived from fetal tissue, which are scalable and have shown efficacy in preclinical PD models, by paracrine effects (24, 26, 36) .
In this study, we evaluated a third expandable source of cells for therapy, hpNSCs. hpNSCs are particularly attractive for cell therapy because they can be derived in a homozygous manner from heterozygous donors, permitting the creation of cells banks that could potentially match significant segments of the population with only a few cell lines. Here we show for the first time the successful engraftment and safety of hpNSCs following transplantation in rodent and nonhuman primate PD models. In both animal models, transplantation of hpNSCs led to improvement of DA levels, which could be explained by the multimodal actions of NSCs, including neuroprotection, cell replacement, and immunomodulation (26, 33) . Nonhuman primates transplanted with hpNSCs remained healthy with no abnormal behaviors, such as dyskinesia, a side effect previously observed with human fetal tissue transplants (12). Additionally, we did not detect overgrowth, deformations, or tumors in any of the transplanted animals, contrary to other studies with PSC-derived neural cells (13, 31) . Postimplantation, hpNSCs survived, dispersed from the graft site, and elicited a low immune response. The immunological response can compromise the survival of the grafts and be a significant barrier to evaluate the outcome to intracerebral transplantation of PSC derivatives (10,21). Higher cytokine levels following transplantation of hpNSCs indicate that hpNSCs could have promoted neural repair of the host nigrostriatal system (3, 24, 37) . Overall, we show for the first time successful engraftment following transplantation of hpNSCs in experimental models of PD and subsequent functional studies following hpNSC transplantation would reveal their potential use as a treatment of PD.
